Insulin and insulin-like growth factor (IGF) signaling systems regulate breast cancer growth, progression, and metastasis. The insulin receptor substrates 1 and 2 (IRS1/2) transduce signaling from the type I IGF receptor (IGF-IR) and insulin receptor (InR) to mediate the biological effects of receptor activation. In breast cancer, IRS-1 plays a critical role in cancer cell proliferation while IRS-2 is associated with motility and metastasis. NT157, a small-molecule tyrphostin, downregulates IRS proteins in several model systems. In breast cancer cells, NT157 treatment suppressed IRS protein expression in a dose-dependent manner. Exposure to NT157 inhibited the activation of downstream signaling mediated by the IRS proteins. NT157 induced a MAPKdependent serine phosphorylation of IRS proteins which resulted in disassociation between IRS proteins and their receptors resulting in IRS degradation. In estrogen receptor-α-positive (ERα+) breast cancer cells (MCF-7 and T47D), NT157 also resulted in cytoplasmic ERα downregulation likely because of disruption of an IRS-1-IGF-IR/InR/ERα complex. NT157 decreased S phase fraction, monolayer, and anchorage-independent growth after IGF/insulin treatment in ERα+ breast cancer cells. NT157 downregulation of IRS protein expression also sensitized ERα+ breast cancer cells to rapamycin. Moreover, NT157 inhibited the growth of tamoxifen-resistant ERα+ breast cancer cells. Given that both IGF-IR and InR play a role in cancer biology, targeting of IRS adaptor proteins may be a more effective strategy to inhibit the function of these receptors.
Introduction
The insulin-like growth factor (IGF)/insulin signaling pathway has been implicated in the proliferation, migration, and survival of many human malignancies [1, 2] . Upon ligand binding, the type I IGF receptor (IGF-IR) and insulin receptor (InR) recruit the insulin receptor substrate (IRS) adaptor proteins to transduce signals to downstream signaling molecules and thereby regulate cellular biology. In breast cancers, IRS-1 and IRS-2 are the two major isoforms that mediate IGF/insulin signaling. The role of IRS-1/2 proteins in breast malignancies has been well documented: IRS-1 promotes tumor growth [3, 4] , whereas IRS-2 stimulates motility [3, 5, 6] .
The clinical trials for targeting IGF-IR have generally been disappointing. While several factors may account for the limited clinical activity, the disruption of endocrine homeostasis with resultant hyperinsulinemia could abrogate the effect of only inhibiting IGF-IR [7] . Recent clinical trials results show InR is more commonly expressed in endocrine-resistant breast cancer [8] , while expression of IGF-IR is quite low. These data argue strongly that both IGF-IR and InR should be inhibited in breast cancer yet targeting of InR could be difficult due to accomplish because of effects on glucose homeostasis. However, targeting key signaling pathways downstream of both receptors, such as the IRS proteins, has appeal and could be another strategy for cancer treatment.
NT157 is a novel small-molecule tyrphostin targeting the IRS-1/2 proteins. Its efficacy and mechanism of action have been studied in models of melanoma [9] and prostate cancer in vitro and in vivo [10] . NT157 binds IGF-1R and indirectly downregulates IRS-1/2 proteins expressions by inducing the serine phosphorylation sites of these proteins, which sequentially causes the degradation and reduction of ligandstimulated intracellular signaling activation, as well as suppression of cancer cell growth and metastasis. Recent data show NT157 also influences p38 MAPK and AXL [11] function in melanoma cells.
In our current study, we verify that NT157 caused IRS protein degradation by inducing serine phosphorylation of IRS and disassociation from IGF-IR and InR in breast cancer cells. We report a new mechanism of NT157 drug in estrogen receptor-positive (ERα+) breast cancer cell lines. Phosphorylation of IRS-1 induced by NT157 promoted the dissociation of ERα from IRS-1-IGF-IR/InR complex resulting in ERα degradation. We assess the efficacy of NT157 by characterizing its effects on onco-signaling suppression, growth inhibition, cell cycle arrest, and abolishment of migratory potential using various breast cancer subtypes. We also investigate the synergic therapeutic effects of NT157 in combination with rapamycin in treating breast cancer cells. Since NT157 inhibited IGF-IR and InR signaling, substrate inhibition may be exploited as a cancer therapy.
Materials and Methods
Reagents and Antibodies Growth media and supplements were purchased from Invitrogen (Grand Island, NY). IGF-I was purchased from GroPep (Adelaide, Australia). IGF-II was purchased from Gemini (Woodland, CA). Insulin was purchased from Eli Lilly (Indianapolis, IN). LY294002, U0126, and actin antibody were purchased from Sigma-Aldrich (St. Louis, MO). Humanized anti-IGF-IR monoclonal antibody huEM164 was provided by Immunogen Inc. (Norwood, MA). BMS-754807 was provided by Bristol Myers Squibb (New Jersey, Marco Gottardis). Antibodies for phosphorylated AKT serine 473, total and phospho-IGF-IR, total and phosphorylated p44/42 (MAPK), phospho-p38 MAPK , total and phospho-IRS-1 (serine 636/639), phospho-S6K1, p21, p18, CDK2, CDK6, cyclin D1, cyclin D3, and PARP were purchased from Cell Signaling Technology (Beverly, MA). The IRS-2, total ERα, IGF-IRα, InRβ antibodies, and protein agarose A were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Horseradish peroxidase-conjugated anti-phosphotyrosine (PY-20) was purchased from BD Biosciences (San Jose, CA). Anti-rabbit and anti-mouse horseradish peroxidase-conjugated secondary antibodies were purchased from Pierce (Rockford, IL). NT157 compound was kindly provided by A. Levitzki (The Hebrew University of Jerusalem, Israel).
Cell Lines and Culture MCF-7, T47D, and MDA-MB-231 cells were purchased from the ATCC (Manassas, VA) and cultured following ATCC's instruction. Cell line authenticity is verified by STR analysis on an annual basis (Genetics Resources Core Facility, Johns Hopkins School of Medicine, Institute of Genetic Medicine). MCF-7L cells were kindly provided by C. Kent Osborne (Baylor College of Medicine) and maintained in improved MEM Richter's modification medium (zinc option) supplemented with 5% FBS and 11.25 nmol/L insulin. MCF-7L were evaluated by comparative genomic hybridization (data not shown) and found to be nearly identical to the MCF-7 cells distributed by the ATCC. MCF-7L TamR and T47D TamR cells were generated as described [12] . All cells were grown at 37°C in a humidified atmosphere containing 5% CO 2 .
Immunoblot Cells were plated at a density of 3 × 10 5 in 60-mm diameter. Upon reaching 80% confluency, cells were switched to serum-free medium (SFM) for 24 h to synchronize cell status, after which treatments were added. Treated cells were washed twice with ice-cold phosphate buffered saline (PBS) on ice and lysed with TNESV lysis buffer of 50 mM Tris-Cl (pH 7.4), 1% Nonidet P-40, 2 mM EDTA (pH 8.0), 100 mM NaCl, 10 mM sodium orthovanadate, 1 mM phenylmethysulforny fluoride, and with proteases inhibitor cocktails. Lysates were centrifuged at 21,000 rpm for 30 min at 4°C. Protein concentrations were measured using the bicinchoninic acid protein assay reagent kit (Pierce). Cellular protein (80 μg) was resuspended in 5× Laemmli loading buffer with 60 mg/ml DTT and was resolved by SDS-PAGE, transferred to nitrocellulose membrane, and immunoblotted according to manufacturer guidelines.
Immunoprecipitation
Total cellular lysates (500 μg) were incubated overnight with IGF-IRα or InRβ antibody at 4°C followed by incubation with protein agarose A for 4 h at 4°C. Samples were washed three times with TNESV buffer. 5× Laemmli loading buffer was added per immunoprecipitated sample and run on an 8% SDS-PAGE gel.
siRNA Transfection and Cell Stimulation Cells were cultured in growth medium to reach confluency of 80% then were transfected with 25 nmol/L siRNA (siRNAs SMARTpool were purchased from Santa Cruz Biotechnology) using the TransIT-siQUEST transfection reagent (Mirus, Madison, WI) according to the manufacturer's protocol. Forty-eight hours later, cells were washed twice with PBS and serum starved for another 24 h in SFM followed by treatments as indicated in the figure legends.
Reverse Transcription-Quantitative Real-Time Polymerase Chain Reaction Cells were plated at a density of 2 × 10 5 in 6-well plates in growth media to reach 80% confluency then synchronized in SFM for 24 h followed by treatments indicated in the figure legends. Cellular RNA was isolated using TriPure Reagent according to the manufacturer (Roche, Belgium). For quality control and to determine concentration, a 260:280 ratio assay was conducted on a spectrophotometer. Forward and reverse primers were designed to target the following transcripts: IRS-1 5′-TCACAGCAGAATGA AGACC-3′ and 5′-CTACTGATGAGGAAGATATGAGG-3′; IRS-2 5′-TCGTGAAAGAGTGAAGATCTG-3′ and 5′-TCCAAACACAGTCATTGCT-3′; ESR1 5′-CCCA GGGAAGCTACTGTTTG-3′ and 5′-CTCCACCATGCCCT CTACAC-3′; CCND1 5′-AAACAGATCATCCGCAAACA C-3′ and 5′-GGTTCAGGCCTTGCACTG-3′; P21 5′-CAGG GGAGCAGGCTGAAG-3′ and 5′-GGATTAGGGCTTCC TCTTGG-3′; and RPLPO 5′-TGCTGATGGGCAAG AACAC-3′ and 5′-GAACACAAAGCCCACATTCC-3′. A total of 1 μg of RNA was reverse transcribed using the Transcriptor Reverse Transcriptase Kit, and quantitative PCR was conducted using the Universal SYBR Green Kit according to the manufacturer's protocol (Roche) on an Eppendorf (Hamburg, Germany) Mastercycler Realplex 4 machine. The relative concentration of mRNA was calculated using cycle threshold values that were derived from a standard curve and normalized to ribosomal protein, large, P O (RPLPO) as an internal control.
Monolayer Growth Assay Cells were plated in 24-well plates at a density of 15,000 cells per well, allowed to attach overnight and starved in SFM for 24 h to synchronize cells. After 5 days of treatments, growth was assessed via the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Fifty microliters of 5 mg/ml MTT solution in SFM were added to each well and incubated for 4 h at 37°C. Media were aspirated, and formazan crystals were lysed with 500 μl of solubilization solution (95% dimethylsulfoxide + 5% improved minimal essential media). Absorbance was measured with a plate reader at 570 nm using a 650-nm differential filter to assess growth.
Anchorage-Independent Growth A 1 ml layer of 1% Seaplaque-agarose (BioWhittaker, Rockland, ME) in 1.5% FBS-containing growth media was solidified into each well of a 6-well plate. The bottom layer was overlaid with 1 ml of a 1% top agar mixture for 12,000 cells per well with indicated treatments. All plates were incubated at 37°C for 14 days. Colonies was counted on a light microscope with an ocular grid. Five random fields were counted per well and only colonies exceeding half of a grid square were scored.
Cell Cycle Analysis Cells were typsinized, washed twice in icecold PBS, and fixed in 70% ice-cold ethanol − 20°C overnight. Cell cycle analyses were performed on propidium iodide-stained nuclei by using an Accuri™ C6 flow cytometer (BD Biosciences, San Jose, CA). Single cells were gated, 10,000 events were collected and analyzed by FlowJo (Tree Star Inc., Ashland, OR) software.
Clinical Data Set Analysis
The relative mRNA expression of IRS-1 and IRS-2 in human breast tumor samples was determined by searching the Oncomine database (version 4.4.3, September 2012 data release. (www.oncomine.org) IRS-1 and IRS-2 mRNA expressions were queried in TCGA breast dataset using reporter A_32_P165472. For prognostic analyses, overall survival and distant metastasis-free survival, stratified by expression (all percentiles between the lower and upper quartiles were computed, and the best-performing threshold was used as a cutoff) of the gene of interest (IRS-1: 204686_s_at; IRS-2: 209184_s_at), were presented as Kaplan-Meier plots and tested for significance using logrank tests. [13] TCGA BRCA RNASeqV2 and clinical patient data were downloaded on 7/1/2014. IRS-1, IRS-2, and ESR1 expression values were normalized by the expression of the housekeeping gene GAPDH. The Pearson correlations and linear regression were perfumed using R function cor and lm.
Statistical Analysis
All data except clinical data sets were analyzed with the unpaired Student's t test with the use of Excel 2008 (Microsoft, Redmond, WA). A p value of < 0.05 was considered statistically significant (*p < 0.5, **p < 0.01, ***p < 0.001).
Results

NT157 Induced IRS Protein Degradation Through Serine Phosphorylation of IRS-1/2 in Multiple Breast Cancer Cell Lines
To evaluate the ability of NT157 to downregulate IRS-1 and IRS-2 proteins, breast cancer cell lines were incubated with increasing doses of NT157. NT157 reduced IRS1/2 levels while inducing serine phosphorylation of IRS-1/2 (serine 636/639). IGF-IRβ expression was not affected in both ERα+ and basal-like breast cancer cell lines (Fig. 1a top  panels) . NT157-induced IRS protein downregulation occurred after 4 h of drug exposure (Fig. S1) . To evaluate the mechanism of IRS phosphorylation, cells were pretreated with small molecule inhibitors of downstream signaling pathways (Fig. 1a bottom panels 
NT157 Promoted Dissociation of IRS-1 and ERα with IGF-IR/InR in Breast Cancer Cells Resulting in IRS-1 and ERα Degradation
It has previously been shown that IRS-1 is an ERα+ target gene in breast cancer [14] . To study the relationship in available databases, Fig 1b shows that IRS-1 levels were higher in the ERα-positive tumors (luminal A and B) compared to ERα-negative breast cancers. Since previous studies showed that IRS-1 and ERα formed a complex in the cytosol [15] , we examined the effect of NT157 on ERα expression. In ERα+ cell lines, NT157 treatment downregulated total ERα expression ( Fig. 1a top  panels) . Subcellular fractionation analysis further confirmed that NT157 specifically downregulated cytoplasmic ERα (Fig. 2a, left panel) in T47D cells. Ligand-induced ERα phosphorylation was also suppressed by NT157 treatment (Fig. 2a,  right panel) . Whether downregulation of ERα by NT157 further affected gene expression was then examined. After NT157 treatment, in ERα+ breast cancer cell lines, the ERα mRNA and mRNAs of two ERα-regulated genes IRS-1 [14, 16, 17] and CCND1 [15] were significantly suppressed (Fig. 2b, c) , while non-ERα-regulated gene IRS-2 expression levels were not affected. In basal-like cell lines where ERα was not expressed, CCND1 and IRS-1 mRNA were not affected by NT157 (data not shown). To prove the mRNA level suppression was due to NT157's effects on ERα, ERα+ breast cancer cells were transfected with both IRS-1 and IRS-2 siRNAs. Genetic downregulation of IRS proteins did not affect ERα mRNA or protein expression or ERα-regulated gene expression (Fig. S2) suggesting the possibility that NT157 resulted in ERα protein degradation by interfering with its interaction with IRS-1. Taken together, these data suggest that NT157's predominant mechanism of action is stimulation of IRS protein degradation. However, the ability of NT157 to affect IRS-1 mRNA expression could also contribute to its biological effects.
IRS-1 protein forms complexes with IGF-IR/InR and ERα at the cell membrane [15] in normal mammary epithelial and breast cancer cell lines [18] . To determine if NT157 affected this complex, cell lysates were immunoprecipitated with IGF1R or InR antibodies. NT157 promoted the dissociation of IRS-1 from IGF-IR/IR as well as induced the dissociation of ERα from the IRS-1-IGF-IR/IR (Fig. 3a, left panel) . Expression of IRS-1, ERα, and IGF-1R was similar in the full lysate regardless of NT157 treatment (Fig. 3a, right panel) . The data above suggested a novel function of NT157 compound in ERα+ breast cancer cells.
Downregulation of IRS Proteins in ERα+ Cancer Cells Does Not Affect Short-term IGF-I Treatment-Induced Signaling Transduction
In the presence of IGF-I, NT157 treatment eliminated the tyrosine phosphorylation of IRS1/2 ( Fig. S3A ) in response to IGF-I. Interestingly, neither downregulation of IRS proteins in ERα+ cells by NT157 treatment nor siRNA transfection attenuated activation of short-term IGF-I-induced signaling cascades (PI3K and MAPK) (Fig. 3b, S3B ). Despite this lack of efficacy on signaling, data indicated that NT157 treatment suppressed cyclin D1 and induced p21 protein and mRNA expression in ERα+ breast cancer cell lines (Fig. 4a, b , and Fig. S4 ). Cyclin D1 is an estrogen-regulated gene, thus the degradation of ERα induced by NT157 reduced cyclin D1 expression. IGF-I-stimulated cyclin D1 was abolished by NT157 treatment in ERα+ cells (Fig. 4d) . Downregulation of IRS proteins by siRNA did not affect IGF-I regulated cyclin D1 (Fig. S2A bottom panel) , which indicated that suppression of IRS protein expression alone was not sufficient to inhibit IGF-I regulation of cyclin D1. NT157 disruption of the complex was required for maximal effect on cell cycle progression. Cell cycle analysis also revealed that NT157 treatment caused S phase arrest upon IGF/insulin system ligand stimulation (Fig. 4c) . The unaltered upstream signaling pathway in ERα+ cancer cells may be due to compensation of other adaptor proteins, such as shc (Fig. 1a bottom panels and 4A ).
NT157 Inhibited IGF/Insulin and 17β-Estradiol (E 2 ) Induced Cell Proliferation in ERα+ Breast Cancer Cells NT157 growth inhibitory effects in ERα+ breast cancer cell lines were further assessed. Both monolayer and anchorageindependent growth experiments showed that NT157 abolished IGF/insulin system ligands (IGF-I, IGF-II, and insulin) as well as E 2 -induced monolayer (Fig. 5a, S5B ) and anchorage-independent growth (Fig. 5b) . Moreover, parallel signaling experiments revealed that prolonged NT157 (Fig. 5c) . Genetic suppression of IRS1/2 proteins also resulted in partial inhibition of ligand-induced growth (Fig. S6A ) and attenuated PI3K pathway activation upon prolonged ligand stimulation but did not affect the cell cycle machinery (Fig. S6B) . These data indicated that IRS proteins play a role in maintaining prolonged activation of PI3K pathway. NT157 treatment induced ERα degradation and further suppressed ligand stimulation of the cell cycle regulatory machinery in addition to IRS protein suppression. Therefore, NT157 inhibited ERα+ breast cancer cells by several different mechanisms and was more effective than genetic suppression methods.
NT157 effects in two tamoxifen-resistant ERα+ breast cancer cell lines-MCF-7L TamR and T47D TamR [12, 19] were also evaluated. These cells have reduced IRS-1 expression due to ERα functional suppression but retained similar expression levels of IRS-2 expression. Monolayer and anchorageindependent growth assays both indicated that NT157 blocked ligand-induced proliferation in TamR cells (Fig. S7) . Thus, ESR1 levels were analyzed using qRT-PCR. Data were normalized to RPLP0 housekeeper gene. c MCF-7 cells were cultured in estrogendepleted growth media for 2 days then serum-starved overnight. Cells were pretreated with NT157 (3 μM) for 4 h followed by 4 h of E 2 (1 nM) stimulation. Total RNA was isolated and reverse transcribed. CCND1 levels were analyzed by qRT-PCR. Data were normalized to RPLP0 housekeeper gene. Data are mean ± SEM; results are representative of at least three independent triplicates experiments targeting IRS proteins by NT157 may also have therapeutic potential in treating endocrine-resistant breast cancers. To investigate the specificity and toxicity of NT157 towards IRS proteins, immortalized breast epithelial cell line MCF10A, MCF-7L, and MCF-7L tamoxifen-resistant (TamR) cell lines were studied. MCF-7L TamR cells expressed significantly lower level of IRS-1 when compared to its parental cell line [12, 19] . The dose-response curves showed that MCF-7L cells were significantly more sensitive to NT157 treatment (Fig. S5A) than TamR cells. Concentrations of NT157 up to 2 μM did not affect MCF10A cells while this concentration suppressed monolayer growth of MCF-7L cells (Fig. S5A left) . These data indicated that NT157 potently downregulates IRS proteins in multiple breast cancer cell lines and growth effects are associated with the level of IRS expression.
NT157 Compound Sensitized ERα+ Breast Cancer Cells to mTOR Inhibition
The mammalian target of rapamycin (mTOR) is a downstream effector of PI3K signaling. Inhibitors of mTOR are experimentally and clinically proven to have therapeutic effects in breast cancer [20, 21] . However, mTOR inhibitors suppress S6K1 activity. S6K1 functions to phosphorylate IRS proteins at serine sites resulting in IRS downregulation. Thus, mTOR inhibition results in disruption of a negative feedback loop to enhance levels of IRS expression [22] , increase upstream receptor tyrosine kinase activation [23] , and may result in resistance to this class of drugs. Therefore, NT157 could overcome the consequences of rapamycin upregulation of IRS and might improve cancer cell growth inhibition. NT157-inhibited IGF/insulin system ligand and E 2 -induced monolayer and anchorage-independent growth in ERα+ breast cancer cells. a MCF-7 and T47D were plated in 24-well plates, serum-starved overnight, and then treated with indicated treatments (IGF-I 5 nM, IGF-II 10 nM, insulin 10 nM, and E 2 1 nM). Monolayer proliferation was evaluated using MTT assay, with results displayed as absorbance at 570 nm. b MCF-7 and T47D cells were serum-starved and treated with or without NT157 and ligands in 1% FBS in 0.45% agar and overlaid on 0.8% bottom agar. Colony growth in agarose was assessed after 14 days. Colonies formed were counted and averaged from 5 individual microscopic fields. Results displayed are the average number of colonies in 5 fields of 3 wells. c MCF-7 and T47D cells were serum-starved overnight, treated with or without NT157 and ligands for 24 h. Protein levels of IRS-1, IRS-2, phsopho-AKT, phospho-p38 MAPK , cyclin D1, p21, and actin were determined by immunoblotting. Data are mean ± SEM; results are representative of at least three independent triplicates experiments NT157 sensitized ERα+ cellular response to rapamycin treatment in both monolayer and colony formation in full media or IGF-I-treated conditions (Fig. 6a, b top panels) . Immunoblot data also showed that rapamycin treatment alone , and actin were determined by immunoblotting. Data are mean ± SEM; results are representative of at least three independent triplicates experiments caused upregulation of IRS proteins while NT157 suppressed this effect of rapamycin on IRS expression (Fig. 6b bottom  panel) . These data implicated that NT157 could be combined with rapalogs in the treatment of ERα+ breast cancers to avoid monotherapy induced resistance.
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Discussion
Preclinical and population data implicated IGF-IR's critical roles in cancer biology and encouraged the development of anti-IGF-IR-targeted therapies. However, almost all IGF-IR monoclonal antibody (monotherapy or in combination with other therapies) clinical trials have failed to show clinical benefit in a significant number of patients [2, 24] . Because the IGF-IR inhibitors upregulate systemic insulin levels, disruption of InR signaling might be necessary to inhibit this highly homologous pathway [7] . This is especially true in patients with endocrine-resistant breast cancer as IR is the predominant receptor expressed in these tumors [8] .
Our previous work showed that IRS proteins were the predominant adaptor proteins downstream of both IGF-IR/InR in breast cancer cells [4, 5] and IGF-IR/IR required the IRS proteins to transduce signaling as well as mediate biological outcomes in breast cancer models [3] . Disruption of IRS proteins might be a better strategy to inhibit both receptors' signaling pathways. NT157 downregulation of IRS proteins resulted in dual receptor intracellular signaling inhibition in melanoma [9] , prostate [10] , and breast cancers.
In the current study, we tested NT157's efficacy and mechanism in breast cancer cells, and we showed that NT157 induced the serine phosphorylation of IRS proteins, which resulted in the degradation of IRS. We also found that NT157 promoted the dissociation of ERα from IRS-IGF-IR/InR complex and resulted in ERα degradation. The cytoplasmic degradation of ERα further resulted in the ESR1-regulated gene suppression and inhibitory effects of the S phase cell cycle regulatory machinery. These findings were unique in ERα+ breast cancers. We also noticed that prolonged NT157 treatment also resulted in total AKT degradation. This was possibly due to extended ubiquitin-dependent mechanism [25] as the degradation of IRS proteins and ERα were believed to undergo this pathway [9] . NT157 also induces PARP cleavage in breast cancer cells (Fig. 4d) and caspase-mediated Akt cleavage [25] could also play a role in reducing Akt levels (Fig. 5c) .
In the tamoxifen-resistant ERα+ breast cancer cells (details described previously [12] ), NT157 also had inhibitory effects. Dual targeting of upstream signaling pathways and ERα might be superior to targeting a single pathway alone. The clinical approval of palbociclib and everolimus for treatment of ERα-expressing breast cancer demonstrates the value of developing inhibitors of these pathways in hormonesensitive and -resistant cells. These encouraging results suggested that in hormone-resistant TamR cancers, targeting IRS proteins could be a therapeutic option.
Our study showed that rapamycin-treated ERα+ breast cancer cells had elevated IRS protein expression levels. Co-targeting IRS by NT157 resulted in improved growth inhibitory effects. A recent study showed that IGF-IR and IRS-1 were increased in crizotinib-treated anaplastic lymphoma receptor tyrosine kinase (ALK) fusion proteinpositive lung cancer patients and co-targeting IGF-IR axis with ALK tyrosine kinase inhibitor resulted in therapeutic enhancement [26] . Another study demonstrated that targeting PI3K in hormone receptor breast tumors resulted in upregulation of ER function, which suggested that the necessity of co-targeting PI3K signaling pathway and ER in ER+ breast cancer patients [27] . NT157's ability to disrupt IGF-IR/IR-IRS-1-ERα complex might make it a better drug to overcome hormone resistance. Recent data using phosphoproteomic profiling of A375 melanoma cells showed that multiple kinase signaling pathways are affected by NT157 including p38 MAPK, AXL, JNK and Src [11] . Thus, the drugs ability to disrupt IRS expression could result in biological effects important in its function.
Overall, our study emphasized the NT157 therapeutic potential as mono-and combination therapy in various breast cancer models. In addition, we, for the first time, revealed that NT157 also targeted ERα in ERα+ breast cancer cells. Targeting IRS protein could be useful alone or in combination with other therapies in many different subtypes of breast cancer.
